ATP hydrolysis to change the chromatin structure. There 1 Centre de Regulació Genò mica is a large variety of such ATP-dependent chromatin-Universitat Pompeu Fabra remodeling complexes, which contain a catalytic sub-Passeig Marítim 37-49 unit with ATPase activity and a variable number of addi-E-08003 Barcelona tional subunits with poorly defined functions. In general, Spain the mechanism of action of these chromatin-remodeling 2 Institut fü r Molekularbiologie und Tumorforschung complexes has been studied with artificial promoters or Philipps-Universitä t chimeric DNA constructs. Based on these studies, a Emil-Mannkoppf-Str. 2 variety of mechanisms have been proposed for nucleo-D-35033 Marburg some remodeling, including sliding of the histone oc-Germany tamer (Fazzio and Tsukiyama, 2003; Kassabov et al., 3 Program in Molecular Medicine 2002; Jaskelioff et al., 2000 ; Whitehouse et al., 1999), and the Interdisciplinary Graduate Program looping out of the DNA (Kassabov et al., 2002), partial University of Massachusetts Medical School or total displacement of core histones (Boeger et al., 373 Plantation Street 2003; Bruno et al., 2003; Reinke and Horz, 2003), Worcester, Massachusetts 01605 changes in DNA topology (Gavin et al., 2001), and the 4 Laboratoire de Biologie Molé culaire formation of dinucleosome transition states (Schnitzler et Cellulaire de la Diffé renciation et al., 1998). The outcome of these processes is a remod-INSERM U309 eled structure with altered histones-DNA interactions Institut Albert Bonniot (Kassabov et al., 2003). Despite these detailed mecha-Domaine de la Merci nistic studies, little attention has been paid to the possi-38706 La Tronche Cedex ble influence of the nucleotide sequence of the nucleo-France somal DNA on the mechanism or the outcome of the remodeling process. Moreover, with a few exceptions (Fazzio and Tsukiyama, 2003; Reinke and Horz, 2003), these studies have been made in vitro. Very little is Summary known about the action of chromatin remodeling enzymes in the chromatin context within intact cell or about Regulation of gene expression requires dynamic the influence of the DNA sequence on the remodeling changes in chromatin, but the nature of these changes process. is not well understood. Here, we show that progester-To start investigating these issues, we have chosen one treatment of cultured cells leads to recruitment to study gene activation by steroid hormones, because of progesterone receptor (PR) and SWI/SNF-related suitable model systems are available in cultured cells complexes to Mouse Mammary Tumor Virus (MMTV) and cell-free systems. Steroid hormones regulate gene promoter, accompanied by displacement of histones expression by virtue of their binding to intracellular re-H2A and H2B from the nucleosome containing the ceptors, which in turn interact with hormone responsive receptor binding sites, but not from adjacent nucleoelements (HREs) and other transcription factors at prosomes. PR recruits SWI/SNF to MMTV nucleosomes moter or enhancer regions of inducible genes and actiin vitro and facilitates synergistic binding of receptors vate transcription by recruitment of coactivator comand nuclear factor 1 to the promoter. In nucleosomes plexes and the general transcriptional machinery (Beato assembled on MMTV or mouse rDNA promoter seet al., 1995). It is well established that gene induction quences, SWI/SNF catalyzes ATP-dependent sliding by glucocorticoids and estrogens depends on the action of the histone octamer followed only on the MMTV of ATP-dependent remodeling complexes (Muchardt promoter by displacement of histones H2A and H2B. and Yaniv, 1993; Yoshinaga et al., 1992), which are re-In MMTV nucleosome arrays, SWI/SNF displaces H2A cruited to the responsive genes upon hormone treatand H2B from nucleosome B and not from the adjacent ment (Nie et al., 2000; Wallberg et al., 2000) and facilitate nucleosome. Thus, the outcome of nucleosome reaccess of transcription factors to the promoters. modeling by SWI/SNF depends on DNA sequence. A well-characterized system for the study of gene regulation by glucocorticoids or progesterone is the Introduction Mouse Mammary Tumor Virus (MMTV) promoter in which the first HREs were identified ( Beato et al., 1995) .
only to two of the five HREs and precludes binding of
In a search for the molecular mechanism of chromatin NF1, which is possible on MMTV promoter sequences remodeling, we analyzed the stoichiometry of core hisassembled on positioned H3/H4 tetramers (Spantones in the promoter nucleosome after digestion of genberg et al., 1998). We have shown that the MMTV chromatin with MNase (MN) to mono-and dinucleosome promoter assembled in minichromosomes with a Drosize. ChIP experiments with polyclonal antibodies spesophila embryo extract requires an ATP-dependent recific for individual core histones and directed against modeling event when activated by PR (Di Croce et al., their globular domains (Angelov et al., 2000) showed 1999). This remodeling event is essential for the synerthat 30 min after hormone induction, histone H4 content gistic activation of the promoter by PR and NF1, a physiremained unchanged, but the amount of histone H2A ological hallmark of this promoter (Beato et al., 1995) .
crosslinked to the MMTV promoter was decreased (Fig-Here, we show that after progesterone induction of ure 1B, top). With polyclonal antibodies to H2B, a similar breast cancer cells carrying a chromosomally integrated decrease in immunoprecipitated nucleosome B secopy of the MMTV promoter, a Brg1-containing complex quences was observed (data not shown and Figure 1C , is recruited along with PR to the MMTV sequences. top left, lanes 3 and 4). We found no changes in core Concurrently, histone H2A and H2B are depleted from histone content on the GAPDH gene promoter (the conthe promoter nucleosome B containing the HREs, but trol) upon hormone treatment (Figure 1B, bottom) . These not from the nucleosomes located immediately upresults suggest that histones H2A and H2B are disstream. Purified SWI/SNF complex from Saccharoplaced from the promoter nucleosome B upon hormyces cerevisiae catalyzes the ATP-dependent remodmone induction. eling of mononucleosomes assembled on either MMTV The question arises of whether one or the two H2A/ promoter or on a DNA fragment of similar size derived H2B dimers are displaced from the MMTV promoter from the mouse ribosomal promoter (rDNA). Moreover, chromatin. Because the DNA used for these ChIP experiin the presence of competitor DNA, binding of the PR ments is a mixture of 200 and 400 bp fragments, disto the exposed HREs recruits the SWI/SNF complex to placement of a single H2A/H2B dimer because of a the MMTV promoter, which remodels the nucleosome remodeling event restricted to the HRE-containing proand catalyzes synergistic binding of NF1 and PR. Theremoter nucleosome B should lead to not more than 25%fore, we can reproduce in a defined system with unmodi-33% H2A/H2B depletion. Given the stochastic nature of fied core histones the initial events that take place during MMTV induction by steroid hormones (Ko et al., 1990) , progesterone activation of the MMTV promoter orgathis is a maximal estimate, as it assumes that all the nized in chromatin. Although SWI/SNF catalyzes sliding cells responded to hormone treatment. We have shown of the histone octamer in recombinant mononucleopreviously that only 70% of the progestin-treated cells somes MMTV and rDNA promoter fragments, the outexhibit DNase I hypersensitivity over nucleosome B and come of the remodeling depends on the sequence of a footprint of NF1 on the MMTV promoter (Truss et al., DNA: on MMTV promoter sequences, but not on rDNA 1995). On the basis of this percentage, the maximal sequences, both H2A/H2B dimers are displaced. In an decrease expected for H2A/H2B content in case of dis-MMTV nucleosomes array, in the absence of added facplacement of a single dimer would be 23%. Quantitation tors, SWI/SNF displaces histones H2A and H2B from of the data in Figure 1B yielded 40% depletion of histone nucleosome B, but not from the adjacent MMTV nucleo-H2A. Therefore, either two adjacent nucleosomes each some, which is also remodeled as judged by restriction lose a single H2A/H2B dimer, or alternatively, a single enzyme accessibility. Thus, the outcome of the remodelnucleosome loses both dimers. ing process is determined by yet-unknown features of To distinguish between these two possibilities, we the DNA sequence.
performed ChIP experiments with chromatin digested to mainly mononucleosome size and analyzed H2A and
Results and Discussion
H2B content in the individual nucleosomes with nucleosome-specific PCR primers ( Figure 1C ). To exclude the Progesterone Induction of the MMTV Promoter possibility that our results could be influenced by epi-Is Accompanied by Depletion of H2A and H2B tope masking in the context of chromatin remodeling, from the Promoter we also used a different antibody directed against the The chromatin structure of the MMTV promoter is known C-terminal tail of H2A (␣-ctH2A, Cell Signaling). The reto be remodeled during hormone induction (Truss et al., sult with all three antibodies showed that only the pro-1995). To study this process after progesterone treatmoter nucleosome containing the HREs, nucleosome B, ment, we analyzed the recruitment of transcription facloses histones H2A and H2B upon hormone induction, tors and ATP-dependent remodeling complexes in whereas the two adjacent nucleosomes C and D do not T47D-MTVL breast cancer cells, which carry a single exhibit a decrease in either H2A or H2B content. We copy of the MMTV promoter integrated in their nuclear conclude that after hormone induction, both H2A/H2B digenome (Truss et al., 1995) . In chromatin immunoprecipmers are displaced from the HRE-containing nucleosome. itation (ChIP) experiments with specific antibodies, we detected recruitment of the progesterone receptor (PR)
SWI/SNF Complex Is Recruited to MMTV Promoter to the MMTV promoter 30 min after hormone induction
Nucleosomes In Vitro and Facilitates Synergistic ( Figure 1A) . Binding of PR to the promoter is accompa-
Binding of Progesterone Receptor and NF1 nied by recruitment of Brg-1-containing complexes, the
To test whether the changes in core histones stoichiomcoactivator Src-1 ( Figure 1A) , and RNA polymerase II etry could be catalyzed directly by the SWI/SNF com-(data not shown), indicative of an activation of transcription. plex, we have investigated whether purified SWI/SNF . We therefore tested whether PR recruits SWI/ bp fragment of the MMTV promoter (Figure 2A) , containing the HREs and the NF1 binding site, adopts two SNF to MMTV nucleosomes in vitro with an experimental strategy that successfully demonstrated recruitment of main translational positions when assembled into nucleosomes with core histone octamers made with recombinant SWI/SNF-remodeling activity by the Gal4-VP16 activator (Yudkovsky et al., 1999) . When nucleosomes are incu-histones expressed in E. coli (Spangenberg et al., 1998; Vicent et al., 2002) . In both populations, the core his-bated with SWI/SNF and an excess of competitor DNA, no remodeling is observed, as indicated by the lack tones protect the cleavage sites for SacI near the nucleosome pseudodyad and over the hidden HREs and of SacI cleavage ( Figure 2D, compare lanes 2 and 3) . However, when the nucleosomes are preincubated with the HinfI site closer to the 3Ј end of the nucleosome and over the NF1 binding site (Figure 2A ). Incubation of these PR, there is an increase in SacI cleavage upon addition of SWI/SNF and ATP ( Figure 2D, lane 4) . This increase nucleosomes with purified SWI/SNF and ATP made both sites more accessible for cleavage by the corresponding requires the exposed HREs 1 and 4 and is eliminated by mutation of these two sites ( Figure 2D , lanes 6-10). restriction enzyme particularly near the nucleosome border ( Figure 2B) Figure 3A, lane 6) . We conclude that the reconcentrations of SWI/SNF moved the two nucleosome modeled MMTV nucleosome generated by the action of populations to a new faster migrating position (Angelov purified yeast SWI/SNF is likely able to bind PR to all et al., 2003) ( Figure 4A, right, lanes 2 and 3, gray arrow) . HREs, mimicking the in vivo situation (Truss et al., 1995) .
Using lambda exonuclease, we confirmed that SWI/SNF These results also show that full occupancy of the HREs generated a new nucleosome position on rDNA, but the is possible in the absence of covalent modifications of results on MMTV nucleosomes were not clear (data not the core histones.
shown). These data are consistent with previous studies To study further the functional relevance of SWI/SNF demonstrating that yeast SWI/SNF can slide a 5S monorecruitment, we analyzed the binding already at low concentrations of SWI/SNF ( Figure 4D) . creased by 30%, as calculated from a densitometric No 96 bp MN product could be identified. Thus, on rDNA, scan of the autoradiogram (Figure 5C, left) . The fact SWI/SNF promotes nucleosome sliding but does not that less H2A/H2B dimers are displaced under these change the size of DNA protected from MN digestion. conditions than in ChIP experiments is likely due to the To explore further the mechanisms of remodeling, we 3-fold higher nucleosome to SWI/SNF ratio used in the performed immunoprecipitation experiments of formalstaining experiments. At this nucleosome to SWI/SNF dehyde crosslinked MMTV nucleosomes with antibodmolar ratio, only 35% of the H2A/H2B dimers were disies to core histones (Angelov et al., 2000) . MMTV nucleoplaced in ChIP experiments, as determined by quantitasomes incubated in the absence of SWI/SNF or ATP tive PCR (Supplemental Figure S1) . Thus, we conclude prior to crosslinking were efficiently immunoprecipitated that H2A/H2B are physically displaced from the H3/H4 with ␣H4, ␣H2A, or ␣H2B antibodies ( Figure 5A, lanes  tetramer particle containing MMTV promoter DNA.  2, 4, and 7 and data not shown) . In contrast, after incuba-To provide direct proof of H2A/H2B displacement under tion with SWI/SNF and ATP followed by crosslinking, the conditions used for ChIP assays, we performed addithe amount of MMTV nucleosome precipitated with ␣H4 tional experiments with an H2B* chimera with its N-terwas slightly enhanced (Figure 5A, lane 5) , whereas preminal tail replaced by the N-terminal tail of histone H3, cipitation with ␣H2A or ␣H2B was markedly reduced which has been shown not to alter the properties of ( Figure 5A, lanes 3 and 8) . A quantitative PCR analysis reconstituted nucleosomes (Angelov et al., 2004) . The of the immunoprecipitated DNA from two different exchimeric H2B* was phosphorylated in vitro with purified periments revealed that, in average, 70% of histone H2A
Aurora kinase a ␥[ 32 P]-ATP and used to assemble was displaced from MMTV nucleosomes treated with nucleosomes with the other three unlabeled core his-SWI/SNF and ATP at a nucleosome to SWI/SNF molar tones. As a control, nucleosomes were assembled with ratio of 13:1 (see Supplemental Figure S1 at http://www. H3 labeled with [ 32 P] in a similar way and the other three molecule.org/cgi/content/full/16/3/439/DC1/). Under unlabeled core histones. The two types of nucleosomes these conditions, not all nucleosomes could have been were incubated with SWI/SNF in the absence or presconverted to the remodeled state that generates a 96 ence of ATP, and the products were separated in an bp MN product ( Figure 4B ). This result indicates that agarose/acrylamide gel ( Figure 5D ). In these gels, nonreeven at this low concentration of SWI/SNF, both H2A/ modeled MMTV and rDNA nucleosomes migrate as dou-H2B dimers are displaced from DNA in a large proportion blets corresponding to the nucleosome populations deof the nucleosomes. Because formaldehyde is known scribed previously. Upon remodeling, a single faster to crosslink H2A to H2B and H2B to H4 (Jackson, 1978) , band is observed corresponding to the particles located SWI/SNF seems to weaken the interaction between at the end of the fragments. This demonstrates that both H2A/H2B dimers and H3/H4 tetramers, leading to selec-MMTV and rDNA nucleosomes were remodeled in an tive displacement of both H2A/H2B dimers. Under our ATP-dependent process. Measurement of the radioaccrosslinking conditions, the majority of core histones tivity of rDNA nucleosomes showed no significant were indeed crosslinked to each other in untreated changes upon incubation with SWI/SNF and ATP (Figure nucleosomes and formed larger complexes in SDS poly-5D, lanes 5-8), confirming that neither H3 nor H2B were acrylamide gels (data not shown). Importantly, under displaced from these nucleosomes upon remodeling. In similar incubation conditions SWI/SNF displaced neither contrast, whereas there was no significant changes in H2A nor H2B from rDNA nucleosomes ( Figure 5B and MMTV nucleosomes labeled with H3 ( Figure 5D, lanes  data not shown) . Because the only difference with the 3 and 4), the amount of radioactivity in H2B*-labeled MMTV nucleosomes resides in the DNA sequence, these MMTV nucleosomes decreased by 74% upon remodelresults indicate that the nucleotide sequence of the DNA ing with SWI/SNF and ATP (Figure 5D , compare lanes influences the outcome of the remodeling process by 1 and 2). Thus, in a high proportion of MMTV promoter purified SWI/SNF. nucleosomes, there is displacement of both H2A/H2B Under conditions of PR-mediated SWI/SNF recruitdimers, confirming that the results obtained in ChIP exment in the presence of an excess of competitor DNA, periments are not due to epitope masking during remodthere was a significant ATP-dependent displacement of eling. We have not followed the fate of the displaced histone H2A from MMTV nucleosome B, as demon-H2A/H2B dimers, but they could be associated with the strated by quantitative RT-PCR (Supplemental Figure excess of competitor DNA present in the reactions. S1). As shown above, this promotes synergistic binding of PR and NF1 ( Figure 3B) . Thus, the SWI/SNF recruited SWI/SNF Selectively Displaces H2A/H2B from by PR to the MMTV promoter nucleosome is able to Nucleosome B and Not from the Adjacent promote H2A/H2B displacement in the presence of DNA Nucleosome in an MMTV Nucleosome Array bound receptors.
We next asked whether the selective loss of histone To confirm that histones H2A and H2B are physically H2A/H2B dimers from nucleosome B within the MMTV displaced from MMTV nucleosomes treated with SWI/ LTR observed in intact cells was due to PR binding or SNF in the presence of ATP, we performed incubations was an intrinsic property of nucleosome B that could with large amounts of nucleosomes and SWI/SNF and be reproduced in vitro in the absence of PR. To answer analyzed the products of remodeling by two-dimenthis question, we generated a recombinant linear array sional gel electrophoresis and Coomassie blue staining. of MMTV nucleosomes containing nucleosomes A, B, Whereas no changes in core histones stoichiometry C, and D, as present in the cellular construct ( Figure 6A , were observed with rDNA nucleosomes treated with top scheme). When digested with MN, a nucleosome SWI/SNF and ATP (Figure 5C, right) , the amount of H2A/ H2B relative to H3 in treated MMTV nucleosomes de-ladder was observed indicative of a correct nucleosome spacing ( Figure 6A) . The array was incubated with or HREs (Supplemental Figure S2) , we assumed that the product of remodeling is an MMTV H3/H4 tetramer able without SWI/SNF and ATP and analyzed for remodeling by digestion with the restriction enzymes SacI and RsaI to bind NF1 and PR simultaneously. The synergistic binding of both factors is likely mediated by the stabiliz-that cut over nucleosomes B and C, respectively ( Figure  6B, left) . Both nucleosomes were remodeled by SWI/ ing effect of NF1 binding on the remodeled nucleosome state (Di Croce et al., 1999) . In this way, NF1 facilitates SNF, as judged by increased accessibility to the restriction enzymes (Figure 6B, right) . The array was digested access of additional PR molecules to the central HREs and further recruitment of SWI/SNF, leading to full re-with MN to yield mainly mono-and some dinucleosomesized fragments to test for H2A and H2B displacement. modeling of nucleosome B. Additional kinetics experiments will be required to establish the precise order of After formaldehyde crosslinking, ChIP assays were performed with antibodies to H2A, H2B, and H4, and the events leading to the final remodeled particle with bound PR and NF1. products were analyzed with primers selective for nucleosomes B and C. Whereas remodeling did not sig-Originally remodeling by SWI/SNF was claimed to occur by changing the core histone interaction with DNA nificantly change the content of H4, H2A, or H2B in nucleosome C (Figure 6C, bottom H2A and H2B, but not  H4, in nucleosome B (Figure 6C, top) . Thus, the selective potential of ATP-dependent remodeling complexes to remove one dimer of H2A/H2B and exchange it with an decrease in H2A and H2B reactivity of nucleosome B could be reproduced with recombinant histones and exogenous dimer has been associated to their ability to move the octamer particle into positions in which DNA purified SWI/SNF complex. These data do not support epitope masking as an explanation for our results, be-is unraveled from one end (Bruno et al., 2003) . However, this reaction was much less efficient and required higher cause one would have to explain why the epitopes are masked only in nucleosome B and not in nucleosome relative concentrations of SWI/SNF and the presence of exogenous histone dimers, which are absent in our C, which is also remodeled. Moreover, the results demonstrate that within a continuous array of nucleosomes remodeling assays. It will be interesting to test whether this type of exchange reaction at high concentrations and in the absence of sequence-specific transcription factors, SWI/SNF generates different remodeled prod-of SWI/SNF take place independently of nucleosomal DNA sequence. Although we do not have any indication, ucts from adjacent nucleosomes. Therefore, it must be the underlying DNA sequence that determines the out-it is conceivable that the observed displacement of H2A/ H2B dimers on the MMTV promoter represents the first come of the remodeling process.
step in a process leading to replacement by modified or variant H2A/H2B dimers. The remodeling on MMTV Conclusions Taken together, our data indicate that PR bound to the nucleosome B is also distinct from the transient displacement of a single H2A/H2B dimer catalyzed by the accessible HREs recruits SWI/SNF to the promoter, which remodels the nucleosome in an ATP-dependent transcription elongation factor FACT (Kireeva et al.,  2002) , which generates a hexamer particle (Belotserkov-fashion, leading to displacement of H2A and H2B. Since MMTV promoter sequences assembled on H3/H4 tetra-skaya et al., 2003). We do not have evidence for a hexamer particle as a remodeling product of MMTV pro-mers are able to bind NF1 rather efficiently (Spangenberg et al., 1998) and can allow binding of PR to all moter nucleosomes. asterisks and open circles (lanes 1 and 4) indicate the bands corresponding to the populations of nucleosomes with the dyad axis at Ϫ107 and Ϫ127, respectively. After remodeling (lanes 2, 3, 5, and 6) , two populations of nucleosomes either located at the 5Ј end (indicated with ϩ ) or at the 3Ј end (indicated with closed circles) become more evident. Location of the remodeled particle mostly at the 5Ј end was confirmed by DraI digestion (lanes 8 and 9) . pBR322 DNA digested with HpaII was used as size marker (numbers of nucleotides indicated on the right). as described in (B) . The resistant 146 bp were cleaved with restriction enzymes as indicated, and the resulting DNA fragments were stained with SYBR Green I (Lä ngst et al., 1999) . Open circles and asterisks indicate the bands corresponding to the slow and fast migrating populations of nucleosomes, respectively (see Figure 4A, right,  lane 1). After remodeling (lanes 2 and 3) , new bands appear (indicated with ϩ and a black arrow). pBR322 DNA digested with HpaII was used as size marker (numbers of nucleotides indicated on the left). The scheme on the right summarizes the positions of the histone particles (dotted lines represent minor populations) in the absence of SWI/SNF (top) and after remodeling by two different concentrations of SWI/SNF. The numbers in parentheses indicate the site of cleavage by the restriction enzymes relative to the transcription start site.
After the completion of this work, a report appeared ment of all core histones (Lorch et al., 1999) . It will be interesting to know whether these various final states claiming that remodeling of in vitro-assembled MMTV promoter chromatin by SWI/SNF after glucocorticoid of the remodeled nucleosome are the product of similar or different changes in the interactions between core receptor (GR) binding does not involve displacement of H2A nor H2B (Nagaich et al., 2004) . We do not see a (lanes 1, 2, 5, and 6) or H3 (lanes 3,4, 7, and 8) and incubated with SWI/SNF with or without ATP as indicated. The remodeling products were electrophoresed on agarose/acrylamide gels and revealed by autoradiography. The percentage of displaced histones was calculated by measuring the radioactivity on a PhosphorImager (Fuji FLA 5000), quantified with Image Gauge software, and is indicated below the corresponding lanes. 5 mM EDTA and analyzed on 6.5% sequencing gels. The naked of nucleosome arrays were performed as previously described (Cirillo and Zaret, 2004). The reconstituted particles were subjected to DNA digestions were performed with 0.9 ng/l of DNase I.
MNase and restriction enzyme digestion as described (Vicent et al., 2002) . For ChIP experiments, reconstituted material (5 nM) was Restriction Endonuclease Accessibility digested with 0.5 U/reaction of micrococcal nuclease for 30 s at 22ЊC and Nucleosome Mapping to generate mainly mononucleosome-sized fragments as source of Intact and remodeled MMTV mononucleosomes were digested at chromatin and subjected to the ChIP protocol with specific antibod-37ЊC with 500 U/ml of SacI or HinfI in a total volume of 160 l. At ies against histones H2A, H2B, and H4 as described (Koop et al.,  the indicated time points, aliquots of 19 l were removed and added  2003) . to 181 l of stop buffer to give a final concentration of 12.5 mM EDTA and 0.5% SDS. The samples were then extracted with phenol,
